Abstract-This work presents the design and characterization of a CMOS-integrated thermal sensor that features a novel oscillator-based sensing interface to achieve a high thermoelectric sensitivity. The thirty pairs of thermocouples are made of n + /p + polysilicon of a standard 0.18-μm CMOS to produce a large thermoelectric voltage. The produced thermoelectric voltage is used to control the bias current of a high-frequency oscillator circuit and causes a shift in the output frequency. Experimental result indicates the 544-MHz oscillator has a temperature sensitivity of 46.3 kHz/°C.
INTRODUCTION
Thermopile-type thermal and infrared sensors are used in a number of applications, including inertial sensing [1] [2], low-cost mass-produced infrared thermal imagers [3] [4], medical thermograph, and security monitoring devices. Thermoelectric sensors have the advantage of producing a linear self-generated response without the need of temperature stabilization and cooling operation. The linear thermoelectric signal transduction and the wide sensing range make it attractive for many low-cost commercial applications. The thermopile can directly convert thermal signals like temperature or heat to electrical signals. With the integration of the low-noise CMOS instrumentation amplifier and chopper technique, the offset and low frequency noise can be suppressed to avoid the disturbance on the thermoelectric signals [5] .
Thermal microsensors based on CMOS technology become feasible when the CMOS-compatible micromachining process is established. The micromachining process can remove the thermally conductive silicon substrate to provide a better isolation for enhancing the signal-to-noise ratio. Prior work has reported thermal sensors utilizing materials in a CMOS process to fabricate thermopiles [3] [6]. Schaufelbuhl [3] reported a thermoelectric CMOS infrared sensor array composed of polysilicon/aluminum thermopiles with a combined Seebeck coefficient of 108 μV/K. Akin [7] utilized the n-poly/p + diffusion to fabricate thermocouples with a higher combined Seebeck coefficient of 750 μV/K. The most effective combination for raising the Seebeck coefficient is to connect the p-type and n-type polysilicon directly without the via metal in CMOS process. Our approach uses a standard 0.18-μm CMOS followed by a post micromachining process to fabricate suspended thermopiles made of n + /p + polysilicon and takes advantage of the fast electronics to implement a high-frequency oscillator circuit for enhancing the sensor sensitivity. This idea has the potential to make highperformance thermopile-based infrared sensors in the future.
II. DEVICE FABRICATION
The TSMC 0.18-μm one-polysilicon six-metal (1P6M) CMOS process is used for device fabrication. Fig. 1 shows the micrograph of the thermal sensor consisting of the thermopiles and the differential ring oscillator circuit. The process flow in Fig. 2 shows the development of the sensor. As shown in Fig. 2(a) , the passivation layers on etch selective regions are removed during the CMOS process to facilitate the following oxide etch. A thick photoresist layer is spun and patterned after completion of CMOS to protect the bond pads and circuit regions from the oxide etch. The oxide layers are removed anisotropically by a reactive ion etch using CH 4 , CHF 3 and O 2 as shown in Fig. 2(b) . This step removes the oxide between the meandering thermopile structures. In Fig. 2(c) , an isotropic dry etch using SF 6 and O 2 is performed to remove the silicon between the hot and the cold regions of polysilicon for reducing thermal conduction through the substrate. The foregoing post-CMOS micromachining steps have been verified previously for fabrication of a CMOS-compatible MEMS VCO [8] . The measured results show good reliability and compatibility with the standard CMOS process.
III. DESIGN
The released thermopile microstructure as shown in Fig. 3 consists of alternating n + and p + polysilicon layers for thermal sensing. The respective doping processes are accomplished by the CMOS foundry. The combination of a n-type and a p-type polysilicon layers, due to their large and opposite Seebeck coefficients [9] , provides a large thermoelectric voltage that can be processed by the sensing circuit. The heater and the thirty-pair thermopiles occupy an area of 650 μm by 440 μm. The polysilicon heater has a resistance of 0.9 kΩ and is placed in the center of the thermopiles for producing the desired temperature change during test. Fig. 4 shows the differential ring oscillator circuit for thermoelectric sensing, in which the produced thermoelectric voltage changes the control voltage Vc of the bias circuit and causes an output frequency shift accordingly. The delay in the cell is decided by the charge at each node and the current through the load. The load can normally use a resistor for a fixed oscillation frequency, or PMOS transistors for making a tunable oscillator. The PMOS load is usually implemented in a symmetric or cross-coupled topology. The frequency of the ring oscillator with a differential topology can be expressed by eq. (1), where N is the number of stages used, t d is the stage delay, V swing is the single-ended swing on the drain, C node is the total capacitance on the differential stage output node, and I tail is the tail current [10] . 
IV. EXPERIMENT As shown in Fig. 5 , the temperature distribution of the heated microstructure with an applied heating voltage of 11V was obtained by infrared measurement (InfraScope II). The whole chip was pre-heated close to about 75°C before measurement for enhancing the accuracy. The temperature of the heater was gradually increased by the applied voltage, and the maximum temperature occurred at the corner of the heater. Fig.6 shows the maximum temperature with respect to the applied power of the polysilicon heater.
The oscillating frequency shown in Fig. 7 was measured by a spectrum analyzer (Agilent-E4440A) with a control voltage V c varied between 0.68 to 0.96 V. The frequencytuning capability is about 600 MHz/V. Next the heating voltage was applied to produce the thermoelectric voltage which was in series with a fixed V c of 0.96V. The output spectra plotted in Fig. 8 were measured for heating voltages of 0 V and 30 V, respectively.
The oscillating frequency changes from 544 to 526 MHz when the heating voltage increases from 0 V to 30 V. The corresponding temperature increases from 75°C to 464°C. Fig. 9 shows the relationship of the measured frequency with respect to the maximum heater temperature. The temperature sensitivity in terms of the frequency shift is 46.3 kHz/°C. 
V. CONCLUSION
In this paper, we have proposed a novel oscillator-based sensing interface to achieve a high thermoelectric sensitivity. The suspended microstructures with n + and p + polysilicon layers can be successfully fabricated through the CMOS micromachining steps. To further enhance the sensitivity, the hot points of the thermopiles can be placed in a more concentrated region to have a better heating efficiency, and the oscillating frequency of the ring oscillator can be further raised to a higher frequency such as GHz. 
